This paper proposes a new patch antenna with dual circularly polarized capability at 2.575 GHz. The design exploits the even and odd modes in a coplanar waveguide transmission line and enables simultaneous right-and left-handed circular polarization, with two individual excitation ports. A patch antenna is fed by multimode transmission line and the advantages and disadvantages are discussed. A prototyped antenna realized up to 20 dB isolation between ports with S 21 < -10dB bandwidth of 87 MHz. Realized gains for the two modes of operation are 5.77 and 7.23 dBic. The proposed structure is compact and easy to manufacture.
I. INTRODUCTION
IVERSITY radio systems offer notably improved quality in wireless communications links. Among the various schemes (space, polarization or frequency diversity) polarization diversity offers good results within limited space and bandwidth. Although it has been applied mainly to linear polarization, recently it was demonstrated that circular polarization (CP) diversity also offers significantly greater channel capacity, especially for line-of-sight propagation [1] . This creates a need for simple and compact dual CP antennas, such as reported in this communication.
There are many reported CP antennas which are electronically adjustable/reconfigurable, implemented by switching a perturbation element [2] - [4] , or rerouting current flow on the radiator [5] . Usually either PIN diodes or RF-MEMS switches are required, which can increase manufacturing costs. The designs allow the use of either right handed-(RHCP) or left-handed circular polarization (LHCP), but not simultaneously. A good solution for this is to use a dual-fed microstrip patch antenna with a hybrid coupler [6]- [7] . The coupler ensures the 90˚ phase shift needed for CP and the antenna provides either LHCP or RHCP, depending on the excited port. Due to size limitations, a compact coupler involving varactor diodes [8] In this communication we propose a new compact dual CP antenna. The feed exploits the even and odd modes of a coplanar waveguide (CPW) transmission line. Designs based on similar principles have been successfully applied to linear polarization diversity [9] , however not for CP and not for microstrip patch antennas. The proposed design enables transmission of two independent signals (for two orthogonal polarizations), which are fed to the patch by the same transmission line, hence providing a high degree of flexibility and space saving for the PCB feed layout, which is desirable in modern compact technologies. Unlike in [9] , the use of a microstrip patch antenna is proposed, as slot antennas produce a rearward cross polarized beam, which is not suitable for CP diversity.
II. FEED TECHNIQUE
In general each transmission line with three conductors can support two principal modes without a cutoff frequency (these modes are not necessarily TEM or quasi-TEM [10] ). For CPW they are often referred to as odd and even, due to the symmetry of their electric field lines. For the even mode there is conceptually a 180 phase shift (electric field vectors directed in opposite directions, as seen in Fig. 1a ) between the two slots comprising the transmission line. This corresponds to the most common mode used in CPW, which is very well studied in the literature. For the odd mode there is no phase shift (electric field vectors directed in the same direction, as seen in Fig. 1b ) and can be seen as two coupled slotlines (CSL). Similarly to a single slotline, this is a non-TEM mode [10] .
Two independent ports were used: port 1 excites the even mode of the CPW (see Fig. 1a ), and port 2 excites a microtrip line, which later couples energy into the odd mode of CPW, or CSL (see Fig. 1b ). Subsequently, the two slotlines diverge with a zero phase difference for the odd mode and 180˚ for the even mode. With an additional 90˚ section in one path, the resulting phase shifts between the slots are 270˚ and 90˚which, when applied to antenna feeds, results in RHCP and LHCP. Only the patch is elevated on an additional layer of dielectric (also h = 1.5 mm, see left side on Fig. 2 ) in order to increase its bandwidth [11] . This approach provides higher efficiency, compared to the case where an additional layer of dielectric is placed over the whole structure. Port 1 is connected directly to the CPW, exciting the even mode and producing LHCP radiation. A microstrip line on the top side of the substrate (connected to port 2) couples the odd mode signal to the CPW (similarly to [9] ) and produces RHCP. Since the microstrip passing over CPW introduces unwanted reactance for the even mode, it is advantageous to make the microstrip width W m as narrow as possible. On the other hand the microstrip needs to be matched to 50Ω. As a compromise, a tapered impedance transformer was used, which allows a decrease of W m without mismatch. The lengths L m1 and L m2 were initially set so that L m1 + L m2 is approximately a quarter wavelength and were later optimized by a CST parameter sweep. For the second port the odd mode is filtered out by an SMA connector, as its outer shell connects the two most outer conductors of CPW (alternatively a bridge can be implemented, similarly to [12] ). From the CPW line (inner conductor: 2.4 mm wide, slots: 0.2 mm) the two slots are separated. A phase shifter is realized by prolonging one of the slots [12] by a distance of ∆L s = 2 (L s1 -L s2 ). To enhance symmetry of the patch feedpoint amplitudes, the shorter slotline is designed to incorporate one bend more than the longer slotline with phase shifter. This symmetry improves the AR of both RHCP and LHCP modes. Finally the energy is coupled into the patch, located on the elevated substrate. To ensure a good match the slots are triangularly extended, so that W t >h.
The dimensions of the structure are as follows: W s = 85 mm, L s = 80 mm, W p = L p = 31 mm, L t = 6 mm, W t = 4.4 mm, ∆ t = 1.3 mm, L q = 12.7 mm, L s1 = 13.5 mm, L s2 = 3 mm, L m1 = 11.3 mm, L m2 = 13.7 mm, W m = 1.7 mm, θ m = 70˚. 
IV. RESULTS AND DISCUSSION
The structure was simulated using the CST Microwave Studio time-domain solver. Fig. 4 shows the reflection coefficients and isolation between the two input ports. As the device is reciprocal, (S 12 = S 21 ) only one curve is shown for clarity. It can be seen that the measured port-to-port isolation is up to 20 dB at the patch resonant frequency and is better than 10 dB across the band of 2.515 -2.598 GHz (3.2 %).
The coupling mechanism between microstrip and CPW introduces some phase and amplitude error between the two slots and the optimum axial ratio (AR) is at a slightly higher frequency for the odd mode than for the even one. Despite this, there is a good CP and impedance performance (all Sparameters are below -10 dB) for both modes in the band 2.557 -2.591 GHz, giving a 3dB AR bandwidth of 34 MHz (1.3 %), which is acceptable for a microstrip patch antenna.
It can be seen in Figs. 6-9 , that the proposed antenna provides two orthogonal CP modes, depending on the feed port. The boresight axial ratio at 2.575 GHz is 2.45 dB for port 1 and 1.82 dB for port 2. The measured realized gains are 7.4dBic for LHCP in port 1 and 4.8 dBic for RHCP in port 2. The difference is most likely due to the loss in the coupling mechanism. The additional length of the phase shifter impacts both RHCP and LHCP simultaneously and hence does not contribute to this difference. V. ISOLATION Isolation between RHCP and LHCP ports is a crucial issue for potential applications. However, due to the use of 90 phase shifter, the principles for achieving good and wideband isolation are different to those presented in [9] . Fig. 10 illustrates the phase of the signal, which is reflected from the patch. The odd mode is excited, hence 0 phase difference at the input. As the wave travels through the line a 90˚ phase difference is added by the phase shifter. When the energy is reflected from the patch (red dashed arrows) the signal travels back and through the phase shifter for the second time, effectively producing 180˚ phase shift. As a result -although excitation is in odd mode -the reflected wave is in even mode (and vice versa for the even mode excitation). This shows that the limiting factor for good isolation is the patch impedance matching and its bandwidth. This is especially critical because traditional patch antennas are narrowband. The use of bandwidth enhancement techniques ( [11] , [13] ) is therefore strongly recommended for the proposed designs. 
VI. CONCLUSIONS
In this communication a new antenna for circular polarization diversity is proposed. Good isolation in the operating band makes the antenna a suitable candidate for wireless applications. Other applications include polarization sensor antennas. Apart from the 90˚ phase shifter (which can be easily realized within a limited footprint) the antenna feed has no wavelength dependent elements, therefore providing a compact solution. The use of a single CPW to transmit two separated signals allows a flexible design, especially in small devices where the space available for RF circuits is constrained.
The use of CPW and a coupling mechanism to generate the odd mode was used to facilitate measurement with a VNA. In fact almost any line supporting even/odd modes can be employed and the two modes can be generated in various ways, for instance directly by a MMIC, as even and odd modes are often used in microwave circuits.
